The concept of the IGC(Integrated Guidance and Control) has been introduced to overcome the performance limit of the SGC(Separated Guidance and Control) loop. A new type of IGC with impact angle constraint has been proposed in this paper. Angle of attack, pitch angle rate, pitch angle and line of sight angle are considered as state variables. A controllability analysis and equilibrium point analysis has been carried out to investigate the control characteristic of proposed IGC. The LQR(Linear Quadratic Regulator) has been adopted for the control law and detailed explanations about the adoption has been provided. The performance comparison between the IGC and the SGC has been carried out. The result of numerical simulations show that the IGC guarantees better guidance performance than the SGC when the agile maneuver is needed for specific guidance geometry. 
INTRODUCTION
Conventional guidance and control system of missile is composed by the separate guidance and control (autopilot) loop as shown in Fig. 1 . The guidance loop generates an acceleration command making missile guided to target. The autopilot loop generates an actuator command to satisfying an acceleration command fed by guidance loop. A guidance law used by the SGC (Separate Guidance and Control) just considers the relative position and velocity between missile and target to generate a guidance command and it neglects the dynamic characteristic of a missile. For this reason, a guidance command can cause a degradation of guidance performance or flight instability under a condition that the relative position is very small or target maneuvers rapidly. To prevent such acceleration command is fed to control loop directly, acceleration command usually passes through limiter and low pass filter.
Optimal guidance performance of a guidance law can be obtained if the missile's body exactly follows the acceleration reference without any distortion of phase or magnitude. Therefore, sequential filtering on acceleration command and the limitation of acceleration tracking performance can be considered as an inevitable performance degradation factor of SGC.
To overcome such a defect of SGC, the concept of IGC (Integrated Guidance and Control) has been proposed [1] , [2] . The guidance and control variables are integrated in single state space model and it facilitates the IGC to achieve guidance and control capability by single loop. While the SGC cannot consider the dynamic characteristic of missile, the IGC model contains physical relations between guidance and control variables. Thereby, the IGC can bring out a maximum maneuverability which cannot be brought by the SGC. A general scheme of SGC is depicted in Fig. 2 .
There are two main research topics of the SGC. First one is to develop the method integrating the guidance and control variables. Another one is to apply a control scheme to integrated GNC model. This paper proposes original IGC model and control scheme about it which has not been introduced up until now. The term 'IGC law' will be used to denote the proposed IGC scheme which contains new IGC model and control law. In addition to performing the basic function of guidance and control loop, the control of impact angle on the stationary or moving target is also possible for the proposed IGC law. 
State Variables for Guidance
The solution of guidance problem is to generate the control input that satisfies the constraint as below.
(
γ is the FPA(Flight Path Angle) of missile and σ is the LOS(Line Of Sight) angle. The lead angle L can be given as 
If the impact angle control to the moving target is needed, we can define the impact angle ( γ Δ ) by the difference of FPAs between the missile and the target. (5), the impact angle control to the moving target leads to ( ( ) . )
If we just control the FPA of the missile, we cannot satisfy Eq. (4) and (6) simultaneously. Then we should consider the LOS as control variable. By Eq. (2) and (6), the control reference of the LOS can be set as
By the relation of the FPA and the pitch angle (θ ), the control of the FPA can be replaced by the control of pitch angle and AOA at the same time. Using θ γ α = + and Eq. (4), ref
In summary, state variables for the IGC and its control references are set as follows.
[ ]
State Equations
The guidance geometry between missile and target is defined as Fig. 3 . 
where, 
the PLS (Parameterized Linear System) [3] with respect to specific nominal point nom x can be obtained as
Where, J is Jacobian matrix defined as 
Controllability Analysis of IGC Model
For the confirmation of control performance of proposed IGC model, the controllability analysis was carried out. As the IGC model is non-linear, Lie-bracket based controllability analysis is adopted [4] .
The rank of a controllability matrix C , which is calculated by Lie-bracket method, gives information of the system's controllability. If the system is locally accessible to a state 0 x , C has a full rank for 0 x . If the system has controllability, C has a full rank for The first to third rows of the C is constituted by the aerodynamic coefficients which are linearly independent. Then, the only condition for the rank deficiency is when the fourth row's elements are all zero. If the velocity of the missile is not zero ( 0
the IGC model has a controllability. Analysis of the controllability matrix's condition number gives insight for the system's characteristic based on the control efficiency. The Condition number is the ratio between the largest and the smallest singular value of a matrix. If R is very large, all elements of fourth row can converge to zero. Even in this case, C has full rank but the condition number increases dramatically. The increase of the controllability's condition number means the low control efficiency. For the IGC model, large R results in low σ , which makes the missile difficult to control the σ rapidly.
LQR Controller
This paper adopts the LQR (Linear Quadratic Regulator) controller for the control of the IGC model. The LQR problem is to calculate the state feedback gain K that constitutes the optimal input u , defined as ( )
The optimal input minimizes the cost function J , defined as
The LQR deals with the linear state equation 
PERFORMANCE ANALYSIS OF IGC

Performance Index of Guidance and Control System
The performance index of missile's G&C (Guidance and Control) system can be defined by various points of view. The miss distance is most frequently adopted for the performance index. The miss distance can be defined by the closest distance between the missile and the target. The impact angle error can also be adopted for the performance index if the control of the impact angle was intended.
Missile and Actuator Model
A short range tactical missile is adopted in this paper. The specifications of the missile are shown in Table 1 . 
The displacement limitation is 25 ± .
Conditions of Numerical Simulations
The numerical simulation was carried out for the various combinations of the acceleration of the target 
Simulation Results and Discussions
The simulation results are plotted in Fig. 4 and 5. Fig.  4 and 5 shows the target-captured region and impact angle error where the brighter region indicates the smaller impact angle error. We can see the IGC has wider capture region for almost every combination of 
CONCLUSIONS
After the concept of the IGC was firstly introduced in early 1990s, it has not been used in real application generally until now. The major reason of it is the lack of thorough performance analysis comparing between the IGC and the SGC. This paper not only proposes the new type of the IGC with impact angle constraint but also gives the performance comparing methodology between the IGC and the SGC. Using the comparing methodology, it was shown that the proposed IGC has better impact angle guidance performance than the SGC for various guidance geometries.
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